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THRUST AND POWER REQUIRED IN CLIMBING.

By Georg Koenig,

The attempt has often been made to deal analytically with the
phenomena of climbing, partly on the basis of methods used in other
countries, in which highly simplified assumptions are made in order
to be able to deduce the formulas easily. The following article
shows that the phenomena of climbing flight can be determined with
sufficient accuracy, and represented very clearly, for all flight
positions, by means of the thrust diagram (Zeitschrift flir Flug-
technik und Motorluftschiffahrt, 1911, p.300). This method has of-

ten given good results.

I. Thrust Diagram.

The construction of the diagram is based on the knowledge that
all phenomena in connection with an airplane are to be considered
dependent on the velocity V, which is, therefore, regarded as a
constant and chosen as the abscissa.

Next to V in importance are, the effective forces in the di-
rection of V. As ordinates, tberefofe, forces are plotted which
give either the thrust required, D, by the airplane, or the thrust,
T, of the propeller.

The power, P, of the engine in HP (B.H.P.) for a definite

2

R.P.M., N, 1is fully asbsorbed only at a definite velocity, V.

* From Technische Berichte, Volume III, No. 5, pp. 166-174. (1918)
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At lower velocities the number of revolutions ig legs than N and
at higher velocities, greater than N. Consequently, the output of
the engine varies according to a utilization factor f. Since the
propeller efficiency, mn, also varies with V, the propeller
thrust is
T=75'ﬂ £P (1)

(See Fig. 1).

Further, the thrust per unit veight of the airplane, which may

be called the specific thrust, T;;, is of great significance.

Ty = %'= %’W £ Z%~£ (3)

Naturally, fhis also depends 6n v.

If it is assumed that wp = & the known total weight per HP,
1t must be concluded that the ordinates of T, and likewise of the
Ty curve, are inversely proportional to fhe total weight per HP.

The required thrust of the airplane is likewise dependent on
the velocity V, and is the thrust which is just necessary to keep
the airplane sustained in the air with velocity, V. From the Jmowm
polar curves of C;, and Cp, +there is found for each point of

this curve, the corresponding velocity, V, by means of the known

1ift equation
f———

W .
VE i*b ' -3
Cy 3w

and the corresponding thrust required from

D = g% W (See Fig. 2) (4)
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where OCp includes the air resistance.
Here, too, the values per unit of weight of the airplane have
enhanced importance. They are known as the gliding (or drag-1if%)

ratios, =z,

r=%=911 | (5)

and are also dependent on the velocity, but have a clearly defined
minimum value, which will receive further consideration.

Since the weight per unit area of wing surface wg = g occurs
in equation (3), it must be expected that the abscissas of the D
curve will increase with the wing loading. |

If both these thrust curves are brought into one diagram (Fig.
3), the thrust diagram is obtained, which shows the distribution for
each flight condition. In this diagram, the difference between the
propeller thrust/gﬁd the required thrust, D, is shown, i.e., the
area lying between the two curves represents the excess thrust Tj,
available for climbing. This difference between the thrusts can be
expressed by

T =D+ Ty (8)

or, in terms of unit weight, by

T, =T + O (7)
where ~
¢ = ﬁ,‘a‘ (8)

will be termed the coefficient of climb. The point of intersection
of the itwo curves holds good for 6 = 0 and horizontal flight.

Naturally, the diagram holds true for any flight altitude, A, ex-
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cept that the thrusts corresponding to the prevailing air density

at the particular altitude must be calculated from
A
iy = 0.893*°%° (9)

I1I. Climbing Ability.

The usual efficiency figure, wp, (weight per HP) is an index
of proportionaterglimbing ability, the smaller-it is the better,
consequently it is not really suitable for determining the true
climbing ability. If one considers that wp 1s a ratio of weight
to power, the reciprocal of wp must be a velocity, which may be

called the indivated climbing ability

= Zﬁ;g (10)

This is the velocity at which the engine is capable of raising
the airplane vertically. Since P 1is the brake-horsgepower, the
indicated climbing ability is independent of the velocity and is a
coefficient of efficiency, which is much better suited than its
weight per HP, to give an idea of the climbing ability of the air-
plane.

As a proof, the following figures may be compared:

; 12.00 10.00 8.00 6.00 kg/B. H. P.
Weight per HP {3g'4g  22.05 17.64  13.83  1b/B.H.P.

Indicated 6.25 7.50 3.40 12.55 m/sec
climbing {ig0.51 24.61  30.84  41.17  ft/sec.
ability.

A part of this climbing ability is dissipated in the eddies of the
propeller slipstream and the actual climbing ability at the propel-

ler shaft is therefore only
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VTu =x f S (ll)

gso that the equation for the thrust curve takes the form

v
Ty = 0 (12)

and shows the close relationship between the efficiency ay and
the thrust curve. It indicates that the power transmitted by the
propeller 1s capable of raising the airplane VTu meters per second.
The velocity, Vr, can be immediately calculated from the airplane
data. |

While T, is to be found in the diagram as ordinates of the
T curve, the form of the expressionm Vg, = V Iy shows that the
effective climbing ability is represented by the area of the rectan-
gle formed by V and T, (Fig. 4), and, therefore, has a maximum
value where the diagonal of the rectangle is parallel to .the tan-
gent on the 'T curve of thenpoint under consideration. This gener-—
ally occurs in approximately horizontal flight.

The course of vTu can be represented by a curve. It is, nat-
urally, dependent on the propeller selected. In any case, it is
not permissible to assume that vTu is invariable over a wide range
gince the engine torque is approximately proportional to the air
density, we have, for the actual climbing ability at the altitude

A

3

Vo, Ha
s0 that suitable curves can be drawn for each kilometer of altitude,

and, in this way, a graphicr tepresentation of the decrease of climb-

ing ability with altitude can be obtained (Fig. 5).
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III. Gliding Ability.

The gliding ability, V., is the velocity at which the air-
plane loses altitude in gliding flight and corresponds to the power
dissipafed per unit welght of the airplane during gliding flight.
Since, during gliding flight, however, the thrust exerted in the

direction of V 1is absorbed, we have

DV = W Vp from which Vep=Vr
-~ Vr (14)
T = —
v

Since V, 1is the vertical component of V, +he path of
flight muet form an angle r with the horizontal, which is deter-
mined by r = sin ra/lgigre correctly tan r). The ordinates of the
r curve are therefore identical with the sine (or tangent) of the
gliding angle. The minimum value of the gliding ratio 5 is an
efficiency coefficient for the airplane of special significance.
For similarly constructed airplanes, it is nearly constant and a
characteristic of theeceonstruction. The smaller vy 1is, the flat-
ter the airplane glides. The smallest value yet observed is
0.105 (Aeg.C IV).

Hitherto every attempt to compare different types of airplanes
with respect to velocity, has really failed. For this purpose, rq
offers a means, inasmuch a8 the corresponding velocity V, serves
very well as a basis for comparison. For this reason, we will_
call it thé ¥pagic velocity® (Fig. 8). In climbing, the velocity
generally lies in the neighborhood of Vg. All other velocities

may with advantage be éxpressed as miltiples of this, in the form
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s
VO'
the gliding ability Vs.

The rectangle with sides V and r (Fig. 7), corresponds to

Since it is especially useful for preliminary calculations %o
assume the probable course of the D curve, the method of doing
this will be briefly indicated.

The fundamental velocity Vo, according to equation (3), de-
pends essentially on the wing loading and is given by the experi-
mental coefficient Cp. The minimum value 1, of the gliding
ratio is likerise an experimental value, which can perhaps be cor-

rected by new Op values. The gliding ability may also be deter-

niied from
Vp=Vr-= _ s _ 99
¢ 52 CL
or, 2g
Vel = s Eﬁ%
8 or’
2g

By this means, the known expression is brought into agreement with
the consgtants of the airplane, especially with Va.

The gliding ability V, has a minimim“value, when the diago-
nal of the rectangle is parallel to the tangent at the correspond-
ing point of the r curve (Fig. 8). The corresponding velocity
Vmin, which differs more or less from YV, _according to the shape
of the curve, is that at which the least power is necessary for
sustentation in the air. This is of little practical importance,

however, because it is still doubtful whether this power can be
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obtained by means of a propeller. In practice, the minimum value
of Vy occurs ét a velocity between Vpmin and Vg, but it is ex-
tremely difficult to determine this minimum accurately,

The curve of required thrust (Fig. 2) holds gpood only during
flight near the earth. If the air density falls in the ratio Hp
at the altitude A, +the velocity belonging to each angle of attack
increases in the ratio uﬂ—%. For each aitifude, a new curve is
necessary (Fig. 9). 1In these, the vélues of r remain unchanged,

while Vy increases to

Vp(a) = Vp ®

nof—

(18)

At high altitudes, the airplane has a more rapid rate of descent,
but it also glides at a higher velocity and hence the gliding angle

remains the game.

IV. Available (Climbing Ability.

The balancing of the forces shows a difference between the pror..
peller thrust and the thrust required by the airplane for sustenta-
tion, which is available for climbing purposes. This excess
Tq = oW pulls the weight W wupward along an inclined plane, the
inclination of which can be determined from

0 = gin 0 (or tan O) (17)

By multiplying equation (7))by the velocity V, thrust is con-

verted into horsepower:

VT, =V r+ Vo

or (18)

vTu_ = V':r
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The difference between the actual climbing ability and the
gliding ability is called the available climbing ability and gives
the altitude gain of the airplane in meters per second. (The nomen-
clature could be so chosen that climbing ability would be only the
excess and hence the actual propelling ability would equal climbing
ability plus gliding ability.) |

Multiplication by V corresponds, in the diagram (Fig. 10), to
the congtruction of the rectangle from the coordinates. The clear—
ness of the relations displayed by the balance equations can there-
fore scarcely be surpasgsed.

The dependence of the available ¢limbing ability on the veloc-
ity can be readily seen from Fig. 11. In horigzontal flight it is
zero. It passes through a maximum value in the neighborhood of
Vo and then decreases for smaller velocities. Although there is
no doubt that the path of the T curve has a decisive influence on
the position of this maximm value, it will repay us to determine
the limiting values beitween which it may move.

If a curve of required thrust is ehifted along the ordinate
Vo, Fig. 13 is obtained. From position 1, where the two curves
Just touch, the maximum value of +the available climbing energy
moves first towards Vo and coincides exactly with it,.when the
tangent to the T curve is parallel %o the diagonal of the rectan-
gle. On the further lowering of the D curve,'this maXimum value
moves to higher values of V and ténds toward the value V(Tu)

at which the T curve itself has its maximm VTa.
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In order to follow the complete course of the available climb-
ing ability for each increase in altitude, it is convenient to use
a diagram containing the T and D curves for various altitudes.
We are then in a position to give the maximum value of the climb-
ing ability at any time and to draw, for example, the correspond-
ing barogram.

The point of contact of the T and D ocurves (Fig. 14),
marks the climbing limit My, the corresponding altitude Ay
and the speed limit Vg, for the airplane at this altitude,

From experience, this velocity is 0.85 to 0.9 times the cor-
regponding fundamental velocity

Vg = (0.85 %o 0.9) Vo uw'% (19)

i .
It is mostly greater than the corresponding Vpin My ° where Vr

is known to have a minimum value.

By Vg, however, is designated a point Ty on the T cutve
on the position of which the climbing limit depends. At this point
the effective climbing ability, in particular the product £ 7,
must be as large as possible. The remainder of the T cuxrve does
not come into consideration for the climbing limit.

The climbing 1imit determined from 4 can only be asymptot-
ically approached by the airplane. It is characteristic of the
type :of airplane under consideration and, therefore, §y might
also be termed the climbing characteristice At the same time,
this brings out the fact that only this fraction, and not the ac-—

tual altitude Aw ig the criterion.



In order to determine Wy by calculation, it must be borne in
mind that the actual climbing aﬁility at Ty decreases in the
ratio MHg. The gliding ability, however, must increase in the
ratio Uy 2 if the climbing limit at which the T and D curves

touch each other, is to be reached. The equation for this condi-

tion is
Vo Mg = Vo by 2
and for the ceiling
2
uwg(%u>s ' (20)

In this equation, the values at the point of contact of the T
and D curves are %o be substituted (in particular for V).
In practice, one only speake of climbing when the rate of

clinmb is appreciable. This may be taken as not less than

V5 = 0.28 m/sec = 1 km/br (3280.8 f%/hr).
The altitude at which the value is reached may be called the prac-
tical ceiling and can be calculated for the airplane; along with
the time taken to reach it. It is admirably adapted for compari-

sons, since it agrees with the pilot's sensations.

V. Climbing Time.

If the pilot sets the elevator so that the total availsble
climbing ability, corresponding to the thrust diagram, is continu-
ously employed, the airplane climbs in the shortest time and inte-

grates the differential equation
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at = o (22)
Vs £33
T )
The climbing time is, then,
A
g =/ -S4 (23)
Y,
o 9{a)

In order to find an expression for VG(A), it is advisable to
start from the position Ty, giving the ceiling, and to introduce
the rectangle VTu by V, for ground level (Fig. 15). 1In climbing,
the height of the rectangle VTu is smaller, While the length Vg
is larger. Near the ground, the difference between these rectan-
gles Vi (p.) - Vr(uy) 1is not the available climb (as Kann has
eléewhere assumed), but the difference for the limiting velocity
Vi, mnpamely, Ve, (p.) - Vro - o -

If it is considered that the rectanglés nearly touch each

other, we then have for the c¢limb from the ground

VU(O) = V'I{I(I - “'W?' ' (24)

In this way are given the initial and final values of a curve, coOIr-
Tesponding somewhat with the facts, for the performance of a climb.
In addition, the maximum value of the available clinbing abil-
ity near the ground occurs for velocities above V,. The smaller
the climbing characteristic, the higher this velocity is and the
greater Vy. Near the ground, this maximum value occurs in the
neighborhood of Vg, particularly if the propeller is so dimen- o
sioned that Vy is as large as possible. The portion of the T

curve in which V < Vi is of little importance near the ground and
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it may be assumed that climbing begins at Vg. From this instant,
the Ty ordinate for 7V, falls in the ratio jM,, while the

r ordinate also falls somevhat at first to 1o and then rises
again slightly to the point of contact Tyg. At the moment when zg4
lies in the ordinate of Vg, the climb diminishes in proportion

to Ma, since T is invariable at this point. If the airplane .
rises exactly along the Vi 1line, the climbing velocity increases
at first, somewhat more slowly than iy (on account of the course
of the =T ocurve), then exactly as U5, then more quickly than

Ma and, finally, near the ceiling where the curves are nearly

S | Thig is the exact climbing

parallel, in proportion Lo Hja
procedures, which scarcely differs from actual practice. It corre-
sponds to the skill of the pilot in climbing with constant veloc-
ity. It is seen from this that the velocity must be Vyg. If the
pilot chooses a different speed at the gtart, he must approximate
Vx again when high up. |

The rule to be determined depends on the course of the T
curve in the neighborhood of r,. Since the weight decreases
somewhat while climbing, in conseguence of fuel consumption and
since the curve is very flat at 1o, we may, for the sake of sim-
plicity, regard the T curve in this region as horizontal (Fig.
18). The deviation from actual climb is thus very small and is on~
ly larger in the neighborhood of the ceiliﬁg, where the 1.5 power
occurs and is not compensated correspondingly. In this region,

none of the calculations are permissible, as they depend on too

many factors and in practice, these figures are not necessary.
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The simplification therefore yields correct values up to the prac-
tical ceiling.
Climbing at constant velocity Vg begins with

Vs(o) = Vp,{1 ~ My) and at the altitude A Treaches
Vo(a) = V(e = Hg)s : (25)

and thus follows accurately the ordinate through Vw, which, on
this account, may be designated the measure of climbing (Fig. 17).
Its upper point is Vp, and its lower point py Vg, .

The integral of the climbing time is %herefore

E u/” VTu(uA - M) ' (28)

whence, with d A =d %, aN%gfg

= 1 143 EE -
t = = aN min. (27)
vTu u‘W 3; -
“A

The expression shows the climbing ability vTu as a prominent

factor. The remaining part of the expression is an altitude which

may be termed Agp ., the apparent altitude

_ 143 1 - Yy
Aép = TW. log :—:h- (88)
A

The climbing time is to be caleulated as if the airplane with the

actual climbing ability Vy, had to reach the apparent altitude

A
t = ——%& (29)
TII
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The apparent altitude depends only on the required ceiling and the
climbing characteristic, and can be read off from Table I. The
other part Vp,s ©Of the formula contains all factors that can in-
fluence the climbing ability itself, such a's horsepower, weight,
efficiency, etc. The climbing time is obtained therefore by readfm_
ing the apparent altitude in the table and dividing it by the ef-
fective climbing ability.

For the sake of completeness, it may also be mentioned that
the climbing characteristicscan be calculated with the help of the

formula for the limiting velocity

VT'll = T'CIW VW (30)
from
My = _’é_q_ (31)
Uy

with which the distribution of power during climbing can be readily
checked.

The above rules for climbing procedure still need critical ex-
amination, for other suggestions have been made which differ con- _
siderably from them. From the above, the greatest climbing velocity,
at the altitude 4, is VG(A) = VTu(uA - M) -

According to Everling, on the other hand, Vo(a) = Vp,C(4 - Ay)

and according to Kann

by
Us(a) = Vru|Ma - bw (5T
Naturally, the olimbiné times according to these formulas are

different and it would be best to choose those agreeing most accu-
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rately with the true times. This would only lead, however, to a
comparigon of coefficients, while it is the task of the investiga-
tion to find the rule by which progress will be furthered. It ie,
therefore, necessary to ascertain which of these formulas differ
leagt from the true relations.

As regards the standard of climb in which the successive alti-
tudes and the curve of the logarithme of the air densities -,
are introduced (Fig. 18), it is found that, on replacing 0.89% by
A, the climbing velocity is greater near the ground, and smaller
in the neighborhood of the ceiling than according to the proposed
formulas. It is much more the case in EKann's formulas, as may be
best seen from the thruet diagram (Fig. 19). For rising from the

ground Vc(o) = vTu(l TS

according to Kann, but from the
above formulas only Vs(o) = VTu(l - W) In the diagram, the
first expression is represented by the cross~hatched area, and it
is obvious from the discussion of the available climbing ability
that this area is too great by the amount of the double cross—
hatched rectangle. The climbing time in the neighborhood of +the
ground is therefore much too small. It may be noticed that this
formula yieldg correct values very near the ceiling with an index

of 1.5, so that it must be said that the most accurate rule for

climbing is given by
by ¥
V5 (a) = Vo E‘A - Hy (‘q)]

in which, near the ground the index, y,= - (0.05 to 0.03), as long

as T falis, and when r =T, and y =0, then y increases
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very slowly, and finally, at the theoreticaliceiling (after an in-
finitely long time), y = +0.5.

One is therefore justified in leaving v =0 in the formula
for clirmbing. This holds good for the practical ceiling and there-

fore covers the practical range.
SUMMARY .

The reciprocal of the weight per horsepower is a velocity, with
which the engine is capable of raising the airplane vertically, and
which provides a very obvious measure for the climbing ability of
an airplane. In like manner, the power absorbed in gliding, is ex-
pressed as a velocity, so that the difference of these two veloci-
ties, the net balance, so to speak, gives the surplus available for
¢limbing. The calculation, arranged in this way, enables us to sur-
vey all component forces and powers present during climbing and to
represent them by thrust diagrams. It also permits simple express-
ions to be found for the climbing characteristic, climbing velocity,
ceiling and ceiling velocity, from which lastly the clirmbing time
may be computed by means of integration and can be represented by

the ratio of apparent altitude to climbing ability.

Translated by
National Advisory Committee
for Aeronautics.
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75.80 | 130.56

305.42

Table I. Apparent altitudes for different cllmblng
characteristics.
Altitude. . “ coil
s $1-
2;;33;?8 1000 | 2000 | 3000 |4000 | 5000 {6000 I ing
I Hi .
teristics L m m m mo -om k
Relative air density (Sea-level as 1) L
L 0.884 | 0.804 | 0.715 | 0.837 | 0.568 [0.505 E m
85 192. 44 ; 1450_
84 170.4 i 1560
83 153.2 ’ . 1670
82 139.6 ;1775
81 128.0" ; 11885
80 118.76 | 774.84 : 12000
79 110.8 | 493.8 l ' 2110
78 103.6 | 408 . 2230
77 97.2 | 348 12340
76 91.6 | 308.% | 1 2460
75 86.76| 374.64 i | 2545
74 82.0 | 353.8 i = 3700
73 78.4 | 234.0 [ 12820
72 74.8 | 216.8 | i 2040
71 71.8 | 303.0 _ | it 3060
70 68.64 | 187.64 | 561.48 ; g il 3180
89 86.0 | 177.2 | 454.0 i | 13310
68 83.36 | 167.6 | 399.6 i 1 3440
87 80.96 | 158.4 | 380 ! i 3570
86 58.80 | 150.4 | 326.0 ; it 3700
B85 56.72 | 143.16 | 304.40 : 3830
B4 54.8 | 137.2 | 283.2 3980
83 52.8 | 131.2 | 265.2 i 4100
82 51.2 | 126.0 | 249.6 . 4340
61 49.72 | 121.2 | 236.8 I 4390
80 48.44 | 116.88 | 2235.60_| 471.40 . 4530
59 46.96 | 112.8 | 214.3 426.4 | i 4880
58 45,60 | 109.2 | 205.6 392 4830
57 44.401| 105.6 | 196.8 363.3 I 4975
56 43.28 | 102.87 | 188.8 335.23 . ' 5130
55 43.234 | 98.96] 180.84_| 318.96] 664.44 i 5280
54 41.2 96 174.0 | 300.4 | 580.8 : i 5440
53 40.32| 93.2 | 187.8 284.8 | 527.2 f © 5600
53 39.32| 90.4. | 183.0. | 271.8 | 484 ° ; W 5750
51 38.4 88.0 | 156.4 259.8 | 450.0 : n 5920
50 37.48 | 85.88 ] 151.48_| 248.48! 418.80__ 1086 92 i 8085
49 36.64| 83.6 | 146.80 | 238.0 | 388.40 ~ 904 .lszes
48 35.84 % 81.2 142.4 239.2 368.40 |, 792 . 6430
47 35.20| 79.2 ! 138.0 220.4 | 350.0 ! 880 |, 6810
" 48 34.20 | 77.721| 134.0 | 212 333.2 | 592 | B790
45 33.868 | 317.24 | 520.72° 980
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Table I. Apparent altitudes for different climbing
characteristics (Cont.)
o] Altitude
Climbing | 10505 | 3000 3000 | 4000 | 5000 6000 Ceil-
charac- m m m m m ing
teristics Relative air density (Sea-level as 1)
b | 0.894 .0.804 | 0.715 | 0.637 | 0.568 i 0.505 | m
: ]
44 33.12 - 74,0 | 127.2 !198.4 | 304 484.8 7170
4% i 33.40  72.4  124.0 ! 192.4 ! 290.8 454.0 { 7385
42 } 31.92 71.00 ' 120.8 | 186.8 . 280.0 | 437.2 | 7560
41 | 31.20 69.6 , 118.0 | 181.67] 269.2 404.8 | 7780
40___} 30.56 -88.04_; 115.04 176.16, 369.56_| 3§4.56_{ 7970
39 30.00  686.8 113.20° 171.60¢ 350.8 367.6 § 8180
38 . 29.48 B5.3 , 109.6 , 186.80, 242.4 | 348.8 | 8400
37 f 28.96 64 | 107.2 ; 162.40, 234.8 | 336.8 8620
38 | 38.48 B2.8 | 104.96, 158.40: 327.6” | 323.6 | 8840
35 . 28.00__61.64_, 103.76__154. 364_320 96_|_311.56_] 9070
34 i 27.64 60.4 ' 100.8  150.8 | 214.8 | 300.4 § 9300
33 ' 37.34 59.36 ., 98.8 147.2 . 209.2 | 290.4 { 9550
32 ' 26.80 58.04 - 96.8.  144.0 ; 203.8 | 281.3 | 9810
31 L 26.28 57.2 94.2 ' 140.8 - 198.4 | 372.8 }10080
30____| 35.84_; 56.44_,. 93.08_ 137.723 193.24_| 2364.40 ] 10350
29 35.44 55,40 ' 91.6 ! 134.8 , 188.4 | 256.2 110640
28 35.08 . 54.4 | 90.0 '133.4 . 1ls4 249.6 | 10920
27 24.88 . 53.6 | 88.4 | 129.80 179.6 | 243.8. }11220
gg 30.32 | 52.8 | 86.8 :137.13; 178 236.8 | %1gig
I} 233.98__51.98_! 84.96] 1234.36_ 171.92 | 230.48 11
24 33.64 ' 51,3 | 83.6 |133.4 | 168.4 | 225.3 12160
23 23.32 © 50.4 | 82.0 | 120.0 l 1e4.8 230 i 12500
23 23.00 , 49.6 | 80.8 | 117.80| 161.8 214.8 | 13850
21 32.68 , 48.88 = 79.6 |115.8 | 158.20 | 309.2 13210
20 ' 22.36 48.16 ' 78.16! 113.35: 155.00 | 204.84 !l 13580
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Figs. 4,5,6,

Fig,5 Decrease in effective climbing ability
with increasing altitude.
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Figs. 7,8,9.
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Figs? 10,11 ,12.

Vo

Fig.ll Dependence of available
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Fig.12 Variation in maximum value of
available climbing ability with
vertical displacement of the
D curve.



Figs.13,14,15.
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Fig.l3 Diagram combining T a,nd D

curves for wvarious altitudes.

ﬂk \TW'/
/
/
/
/
//
35?’f5§5*<3“'
0, // |' [l
9@ :
- : + . >
Vo Vg Voug?
Fig.1l4 Limiting velocity.
A ,
;’T
=77, A['\/X/J' ,'ar:( w
T
\N T\\O\\
i
\¥\\\\'§\\ §\\ \ . o
A /. T - w
,/, A e
v Qlw //i// ‘ ¥
t .
///// AN N
Vo Vi

Fig.l5 Procedure during climb.



Figs. 16,17,18,19.
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Fig.16 Simplification of the r curve
in the vicinity of r4.
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Fig.l7 Measure of of
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24

}
v 7
g

~.\\§

NN

NN
S
N

'
-~
”~
-
-

-
——

w<<

F

e
IANAVIN

o

. S

-

Fig.19 Comparison with the
climbing formula of Xann.



